1.Introduction
The stability of flame is critical in the combustors or propellers. The typical combustor consists of the interaction of flow, acoustic waves and flames [1] [2] . This would induce fluctuations which can affect the dynamic characteristics of the flame. This kind of self-excited acoustic fluctuation sometimes is beneficial for some systems, like heat engine. But in general combustors, it's unnecessary or even harmful. For example, in turbine and aero-engine, the fluctuation could reduce the combustion efficiency, generate strong noise and produce mechanical fatigue. It can even lead to a complete system failure in some circumstance [3] [4] . In order to find ways to solve these questions and gain insight to the phenomena, extensive researches have been done in the past several years [5] [6] [7] [8] [9] [10] [11] [12] [13] to study the flame-acoustic interactions, including premixed or *Corresponding author. Email: 18796826056@163.com non-premixed flames. Farhat et al. [14] conducted an experiment to investigate jet diffusion flame characteristics in a longitudinal tube with standing waves. The diffusion jet flame they found is sensitive to the location of the fuel nozzle and the excitation frequencies of the acoustically driven tube. What's more, they notices that different color and shape jet flames (i.e. yellow flame, mushroom shape flame and blue flame) at different locations and frequencies. However, we notice that the fuel that Farhat et al. use is propane which is applied widely but not environmental as well. Hydrogen has potential to produce harmful green-house gas (GHG) emissions and could displace a portion of conventional liquid fossil fuels [15] . Hence, we want to research the combustion difference between propane and hydrogen based on the experiment that Farhat et al. done by using numerical simulations.
In this work, numerical study of the dynamic response of propane and hydrogen jet diffusion flame to acoustic perturbations is performed respectively. Emphasis is placed on the interaction of acoustics-flowflame and the jet diffusion flame characteristics in standing acoustic wave fields. The paper is organized in the following manner. The numerical model and method is first described in Sect. 2. Validations of both flame-involved systems are then described in Sect. 3. The two fuels flame dynamic response to acoustic waves is studied by using the validated mode. The results and discussion are summarized in section 4.
Validation of numerical model
We designed a 2D jet diffusion flame-acoustic interaction model (see Fig. 1(a) ) according to the experimental setup conducted by Farhat et al. [14] , as shown in Fig. 1(b) . It consists of a cylindrical tube with a diameter of D1 and a length of L1. Beneath the cylindrical tube is a cone tube with a diameter of D2 and a length of L2. The fuel injector is in the middle of the cylindrical tube. The height of the fuel injector measured from the bottom of the cylindrical tube is denoted by h. The fuel (gaseous propane, C3H8 and hydrogen) is injected out through a hole with a diameter of D4 from a fuel injector with a diameter of D3 and length of L3, as shown in Fig 1 (a) . Noted that the hole is so small compared with the diameter of the cylindrical tube. All the dimensions of the burner system are concluded in Table 1 . The location of fuel injector can be varied but it is always placed at the axis of the cylindrical tube. The upper end of the burner system is open to the ambient environment. A loudspeaker is placed at the bottom of the cone tube to produce regular sound waves. The connection between the loudspeaker and the cone tube is not airtight to make sure that the fresh air is still able to flow in from the bottom of the tube. Tone sound with certain frequency is produced and propagates through the tube when the
loudspeaker is turned on. Thus an unsteady velocity field and pressure field is induced in the tube by the loudspeaker. One-dimensional plane wave propagation can be justified if the wave length of the sound is much larger than the diameter of the tube. And standing waves can be induced in the longitudinal tube for certain frequencies. Gaseous propane fuel (C3H8) and hydrogen is used in this system respectively. In order to keep heat release staying the same, the fixed injecting velocity of C3H8 is 0.52 m/s, which corresponds to a mass flow rate of 80 ml/min, while the fixed injecting velocity of hydrogen is 3.72 m/s. If the energy is enough to ignite the fuel, a jet diffusion flame will be induced. In the current numerical model, the loudspeaker is replaced by an unsteady velocity boundary condition to generate the standing waves and oscillating velocity field present in the tube. The unsteady velocity boundary condition is expressed as:
where uz is the axial velocity, A represent the amplitude of the fluctuating velocity, f means the frequency and t is time. Here the 0.1 means the mean axial flow velocity driven by the jet flame is 0.1m/s in the experiment. For the current numerical mode, we set A=0.2 and f=375 as the initial value to conduct the simulation.
The grid topology of the grid is shown in Fig. 2 . The grid points are clustered densely near the fuel injector region because the relatively larger gradients of the velocity, species and temperature distribution is the emphasis of the experiment. The experimental results at 375 Hz obtained by Farhat and Zhang [14] are used to compare with the simulation result in order to validate the present numerical model. We can find that a pressure node (or a velocity antinode) exists at z≈0.33 m. In order to validate our simulation result, the fuel injector needs to be placed at h=0.33 m in comparison. The flames predicted by our numerical results and observed in the experiments are shown in Fig. 3 . It can be seen from Fig. 3 that a flame like mushroom is produced in both the experiments and our numerical simulations. We can see that the general features of the jet diffusion flame predicted by our numerical simulations match well with the ones observed in experiments.
Results and discussions
To research the mode shapes along axial direction of the tube, there are 19 monitor points been set to record the data of their distribution of pressure, temperature, mass fraction of H2O and velocity in the longitudinal tube. For comparisons, data are root-mean-averaged value, and are normalized with its maximum value. As shown in Fig. 4 : From fig. 4(a) , it can be seen that the typical mode shape with node and antinode has been successfully predicted by the numerical simulations. We can see that the pressure induced by hydrogen burned is higher than that of propane. The difference is a litter bigger at pressure antinodes while smaller at pressure node. The maximum discrepancy is at z=0.52m, where the hydrogen-burned pressure is about 14% than that of propane. The temperature diagram of fig. 4(b) shows that both the temperature lines are the same since fuel injector is so small compared with the longitudinal tube, and the high temperature concentrate on the area front of the fuel injector. In fig. 4 (c) of mass fraction of H2O, burning hydrogen will produce more H2O than burning propane in the condition of same heat release. The mass fraction of H2O of burning hydrogen is about two times of that of burning propane at z=0.36m in Fig. 4(d) . The peak value of velocity is at
z=0.36m while the minimum value is at about z=0.05m and z=0.52m. In the one hand, this is because the position of z=0.36m is front of fuel injector with the additional velocity of fuel; in the other hand, the phases of velocity and pressure are reverse. So the velocity value is high at the point of pressure antinode and low at the point of pressure node. Fig. 5 shows the phase diagrams of velocity and pressure obtained at z = 0.36 m for these two fuels. It can be seen that nonlinear oscillations as indicated by the circle-shaped diagrams are generated. Compared with the phase diagrams of burning hydrogen and propane respectively, we can find out that the phase annular zone of hydrogen is narrow than that of propane. This indicates that the difference of pressure and velocity changing of burning hydrogen tube is smaller than that of propane at the position of pressure node in the longitudinal. It further shows that burning hydrogen is more stable than burning propane in the condition of same heat release in this experiment. 
Conclusions
The dynamic response of propane-burnt (C3H8) and hydrogen-burnt (H2) jet diffusion flame to acoustic waves in a longitudinal tube are numerically studied respectively in this work. The injecting velocities of hydrogen and propane are different in order to keep the heat release same. 2-D unsteady RANS simulations are conducted by using FLUENT. To investigate the interaction of acoustics-flow-flame, acoustic fluctuations are generated in the tube by using User Defined Function (UDF). The numerical simulations are validated first by comparing the results with the experimental measurements. It is shown that mushroom-shaped jet diffusion flame predicted by numerical simulations match well with the results obtained in experiments. To gain insight on the difference between combustion flame of propane and hydrogen, 19 monitors points are set to gain the data of their distribution of pressure, temperature, mass fraction of H2O and velocity in the longitudinal tube. The result show that the pressure and mass fraction 
of H2O value is high when burning hydrogen than burning propane. The phase diagrams of pressure and velocity show that phase annular zone of hydrogen is narrow than that of propane. This indicates that the hydrogen combustion flame is not only more environmental than propane, but also more stable than propane, which is beneficial for combustion efficiency and combustion systems.
